Replication of DNA must be inherently accurate and precisely regulated. It is therefore not surprising that the mechanism for the initiation of DNA replication is both complex and conserved. Initiation of DNA synthesis involves the assembly of a multicomponent complex at designated sites known as replication origins. While the protein components of the prereplication complex (pre-RC) used in this initiation process are conserved in all eukaryotes (5) , there is little in common between the nucleotide sequences of replication origins within each eukaryote and between different eukaryotes (29) .
In Saccharomyces cerevisiae, replication origins (ORI) consist of defined sequences of about 200 bp that can replicate autonomously independently of their native chromosomal environment. These autonomously replicating sequences (ARSs) are modular in structure. They contain a ubiquitous 11-bp (5Ј-WTTTAYRTTTW) ARS consensus sequence (ACS) (11, 22, 63) where the origin recognition complex (ORC) binds (4) . In certain ARSs, a 10-of-11 match of the ACS is sufficient for ORC recognition (64) . The ACS is essential but not sufficient for autonomous replication. cis elements on the 5Ј (C domain) or the 3Ј (B domain) flanking sequences of the ACS are also required (12) . Elements in the B domain of one particular ARS, ARS1, have been characterized in great detail. Three elements, known as B1, B2, and B3, have been identified (44) . B1 is protected by the ORC (55) , whereas B3 is protected by Abf1 (41) or Mcm1 (17) in in vitro footprinting analyses. Initiation of DNA synthesis at ARS1 has been mapped to a region between the B1 and B2 elements (6) . Two of the three B elements in combination with the ACS are sufficient to promote autonomous replication. Although B elements of different ARSs are not conserved in nucleotide sequence, they are interchangeable between certain ARSs (31, 54, 61) . The differences in size and modular composition of replication origins suggest that there are many ways to assemble a functional replication origin from a finite set of modules (60) (61) (62) 65) . The plasticity in the organization of replication origins is further illustrated by the dispensability of the B elements altogether in the presence of the C domain in several telomeric ARSs (13) . However, because the C domain is generally larger, elements in the C domain have not been characterized.
The redundant functions of the B and C domains in promoting replication initiation suggest that although the process of pre-RC assembly may be conserved, there are many ways to create an environment conducive to this assembly process. The concept of alternative pathways for creating an environment for pre-RC assembly is especially appealing in higher eukaryotes, where there appears not to be a unifying mechanism for site selection for pre-RC assembly. In Xenopus oocytes, replication initiation occurs at random sequences (38) . In mammalian cells, initiation occurs at multiple sites within replication zones that are defined by their chromosomal contexts rather than nucleotide sequences (29, 46) . Indeed, the activity of replication origins is responsive to their contexts (9, 36) . It has been shown that replication origins taken out of their native environment are no longer temporally regulated (35, 52) and that silent replication origins are no longer repressed (23) . To better understand the principle of site selection in replication initiation and the regulation of origin activity, it is important to learn more about the extended sequences that provide the contexts for replication initiation.
Mcm1 is a combinatorial transcription factor that binds with exquisite specificity to diverse recognition sequences in combination with a cofactor (37, 58) . By itself, Mcm1 binds to the degenerate sequence CCYWWWWNGN (17, 50, 58, 68) . Like other MADS domain transcription factors (8), Mcm1 is a master regulator that specifies cell identity (33, 34, 51) and coordinates the expression of genes required for cell growth and proliferation (57) .
Mcm1 is required for initiation of DNA replication. A P97L mutation (mcm1-1) that compromises the DNA binding activity of Mcm1 causes an increase in plasmid loss rate, as well as a decrease in the initiation frequency of chromosomal replication origins (17) 
MATERIALS AND METHODS
Strains and plasmids. Parent strain 8534-8C (MAT␣ leu2-3,112 ura3-52 his4-⌬34) and mutant strain RM9-3A (MATa leu2-3,112 ura3-52 his3-11,15 mcm1-1) were used for minichromosome maintenance assays. The minichromosomes used were YCp1, YCp121, YCp131a, YCp120 (14, 43) , and YCp121AB (64, 65) . The vectors used for cloning were pLC5 (LEU2 CEN5), pC5L (CEN5 LEU2), and YCp56 (URA3 CEN4).
Minichromosome maintenance assay. Yeast cells containing minichromosomes were grown in selective medium to saturation and then plated on complete or selective medium (complete-Leu or Cm-Ura) to determine the initial percentage of plasmid-containing cells. Cells were used to inoculate yeast extract-peptone-dextrose YEPD and allowed to grow for approximately 10 generations before plating onto YEPD plates and selective plates to determine the final percentage of plasmid-containing cells. Loss rate per generation was determined with the equation X ϭ 1 Ϫ (F/I) 1/n , where F and I represent the final and initial percentages of plasmid-containing cells and n is the number of generations. Each value is the average of at least three independent experiments, except for the values shown in Fig. 5C , which are averages of five or six independent experiments.
2-D gel electrophoresis. Procedures for two-dimensional (2-D) gel electrophoresis analysis of replicating DNA have been described by Brewer and Fangman (10) . For each strain, DNA from a single DNA preparation was used for the study of both ORI1 and ORI121. Probes for detecting ORI1 and ORI121 were prepared as follows. Plasmid DNA containing ARS1 or ARS121 was digested with NcoI or BamHI and EcoRI, respectively. Restriction fragments were gel purified and 32 P labeled by random oligonucleotide priming. DNA sequencing and sequence analysis. The strategy used to determine the 1.0-to 1.5-kb DNA sequences of ARS120, ARS131n, ARS131A, ARS131j, and ARS131s is described in reference 16. To search for Mcm1 consensus elements (MCEs), we used the weighted matrix program of Mulligan et al. (47) and Goodrich et al. (30) . The consensus matrix used in this search was compiled from 20 known Mcm1 binding sequences from promoters (16) .
Deletions of ARS120. The 5Ј and 3Ј deletions of ARS120 were constructed by two separate methods: exonuclease Bal31 treatment at a unique restriction site and subcloning of smaller restriction fragments by partial or full digestion at sites that produce a desired endpoint. The BamHI/SphI fragment of each deletion was then recloned between the BamHI/H3 sites of CEN vector pLC5. Other 5Ј and 3Ј deletions were made by subcloning smaller restriction fragments from the larger fragments (e.g., Ϫ679/ϩ40 and Ϫ6/ϩ834) into the BamHI/ScaI or H3/ScaI sites of CEN5 vector pLC5 (16) .
Site-specific mutagenesis of MCEs in ARS120. Plasmids pCϪ679/ϩ40⌬Bgl2, pCϪ679/ϩ40PAL, pCϪ6/ϩ246⌬Bgl2, and pCϪ6/ϩ246PAL were constructed by a three-step cloning-mutagenesis-cloning process. The first step is cloning the wild-type ARS fragment into a Bluescript KSϪ or SKϩ vector, the second step is mutagenizing a specific 10-bp region containing an MCE, and the third step is transferring the mutated fragment into CEN5 vector YCp56. pCϪ679/ ϩ40ϩ3PAL and pCϪ6/ϩ246ϩ3PAL were constructed by inserting a 75-bp sequence (TTCCTAATTAGGAATAAGATCCATT) 3 containing three repeats of PAL (underlined). All enzyme manipulations and oligonucleotide mutagenesis were performed with the Bluescript KSϪ and SKϩ vectors. All mitotic stability assays were carried out with the ARS fragments cloned into YCp56 (16) .
DNA binding assays and DNase I footprinting analysis. Electrophoretic mobility shift assay (EMSA) and DNase I footprinting analyses were carried out as previously described (17) . The primers used for EMSA and footprinting of ARS120 as shown in Other methods. Purification of glutathione S-transferase-Mcm1 has been described previously (17) .
RESULTS

MREs in ARSs.
We have previously shown that plasmids containing ARS fragments of about 300 bp are destabilized by the mcm1-1 mutation (17). However, this destabilizing effect of mcm1-1 can be overcome in certain ARSs by additional flanking sequences. Figure 1A illustrates this ARS-specific destabilizing effect of mcm1-1 on minichromosomes containing large fragments of ARS1 and ARS121. In the mcm1-1 mutant, plasmids containing ARS1, which has few Mcm1 binding sites, are lost at a rate of about 0.2 per cell division, independently of the size of the ARS fragment. In contrast, plasmids containing ARS121, which has many Mcm1 binding sites, show dramatic differences in the loss rates, depending on the size of the ARS fragment. If we define the MFD of ARSs as the smallest ARS fragment that replicates efficiently in the wild-type strain, then sequences in the C domain outside of the MFD of ARS121 stabilize the minichromosome in the mcm1-1 mutant strain. These results suggest that Mcm1-responsive elements (MREs) located outside of the MFD in ARS121 are responsible for compensating for the reduced binding activity of Mcm1-1. These MREs are distinct from the MFD, where the pre-RC is assembled.
To investigate if reduced Mcm1 binding activity also affects replication initiation at chromosomal origins with an originspecific effect, we examined the activity of ORI1 and ORI121 in the mcm1-1 mutant by 2-D gel analysis (Fig. 1B) . Judging from the relative intensities of the "bubble" arc versus the "Y" We took advantage of a family of highly conserved replication origins localized at the subtelomeric regions of chromosomes known as the X ARSs (14-16). Despite their sequence similarities, these ARSs respond differently to the mcm1-1 mutation ( Fig. 2A) . Plasmids containing ARS120 (XARS6L), ARS131n (XARS8L), ARS131j (XARS16R) ( Fig. 2A) , and ARS131c (43) are stable in the mcm1-1 mutant. In contrast, plasmids containing ARS131a (XARS7R) ( Fig. 2A ) and ARS131 (XARS5L) (43) are unstable. Therefore, variations in the sequences of these ARSs serve as a ready source of natural mutations for our study.
A phylogenetic tree of a number of known ARSs is shown in Fig. 2B to illustrate the sequence relatedness or evolutionary distances between them. We focused our analysis on ARS120 and ARS131a, two of the most conserved telomeric X ARSs that show differential responses to the mcm1-1 mutation. Comparing these two sequences indicates that they are 89% iden- (26) . Each number between one branch point and the next represents a match value (evolutionary divergence) for pair types (48 tical within a 1-kb sequence with three stretches of nonconserved sequences clustered within a 300-bp region (Ϫ706 to Ϫ415) at the 5Ј end of the C domains (Fig. 3A) . We hypothesize that the nonconserved sequences of ARS120 contain the MREs that allow efficient replication of ARS120 in the mcm1-1 mutant. Inspection of sequences identified four potential MCEs (bold type) within this 300-bp region. Only one of them is conserved between ARS120 and ARS131a. Deletion analysis and DNA binding assays localized Mcm1 binding sites in the nonconserved region of ARS120. To identify the essential ARS consensus sequence of ARS120, we generated a series of end deletions by Bal31 digestion from either the 5Ј or the 3Ј side of a 350-bp SacII/StuI fragment of ARS120 (13) . These deletion fragments were subcloned and tested for ARS function with a high-frequency transformation (HFT) assay (59) . A sequence of 31 bp flanked by the leftmost or rightmost deletion endpoints that still preserved ARS function was identified (Fig. 3B, part i) . The leftmost and rightmost deletion endpoints that destroyed HFT activity removed either part or all of an 11-bp sequence that is a perfect match to the ACS, confirming that this ACS is essential for ARS120 function. The first T of this ACS is designated position ϩ1.
To identify the locations of elements important for efficient replication of ARS120, we constructed deletions along a 1.5-kb DNA sequence of ARS120 ( Fig. 3A and B ) and analyzed the ARS activity by assaying plasmid stability in the wild-type strain. The MFD, which retains almost the full ARS activity, is a 263-bp DNA fragment containing the A element and 246 bp of sequence in the B domain (Fig. 3B, part ii, i) . Most of the B domain is dispensable in the presence of 679 bp of DNA in the C domain (Fig. 3B, part ii, b) confirming that elements in the B and C domains perform redundant functions. On the basis of the step increases in the loss rate of plasmids containing the deletion fragments, approximate locations of elements important for efficient replication of ARS120 can be determined. With the A element as a reference (position ϩ1), important elements appear to be located at intervals between Ϫ679 and Ϫ405, between Ϫ239 and Ϫ133, and between Ϫ133 and Ϫ6 in the C domain and between ϩ123 and ϩ246 in the B domain, which also contains an Abf1 binding site (indicated by the filled circle). Interestingly, these intervals also contain MCEs (indicated by arrowheads) identified by the weighted matrix search.
The stability of the ARS120 deletion plasmids in the mcm1-1 mutant strain was also examined (Fig. 3B, part ii) . The B domain is indispensable in the mcm1-1 mutant for full ARS activity (Fig. 3B, part ii, b) . Removal of the interval containing four MCEs further destabilized ARS120 (Fig. 3B, part ii, c) . Similarly, the C domain is indispensable for full ARS activity in the mcm1-1 mutant (Fig. 3B, part ii, k) . The requirement for the C domain was alleviated by a DNA sequence between ϩ429 and ϩ834 3Ј to the B domain (Fig. 3B, part ii, l) . Removal of the sequence between ϩ246 and ϩ123 significantly increased the plasmid loss rate. No transformation was observed when both the B and C domains were removed (Fig. 3B,  part ii, g ).
To investigate which of these intervals contain Mcm1 binding sites, we divided the 1-kb ARS120 sequence (Fig. 3A) (Fig. 4B) . On the basis of the slopes of the curves, ARS120 competed 3.5 times more efficiently than ARS131a for the Mcm1-bound DNA probe, suggesting that Mcm1 has a higher affinity for fragment I of ARS120.
Nonconserved region of ARS120 is protected by Mcm1 from DNase I and required for efficient replication initiation. Deletion analysis (Fig. 3B , part ii) and competitive DNA binding studies suggest that Mcm1 binding in the nonconserved region of ARS120 may be responsible for alleviating the high plasmid loss rate of ARS120 in the mcm1-1 mutant. To identify the exact locations of these putative Mcm1 binding sites, we carried out DNase I footprinting analysis of Mcm1-bound complexes on all three fragments of ARS120 and ARS131a. DNase I protection by Mcm1 was observed at four sites in both strands of fragment I of ARS120 (Fig. 4C , parts i and ii [only site Id is shown]). Sites Ia, Ib, Ic, and Id each cover about 20 to 40 bp, spanning a region of about 230 bp from Ϫ644 to Ϫ416 (Fig.  4D) . The spacing of sites Ia, Ib, Ic, and Id is such that they each contain an MCE. Protection is observed at sites Ib, Ic, and Id, which are nonconserved sequences that include matches to the MCE. Protection is also observed at site Ia, which is conserved in both ARSs (Fig. 4D) . However, Mcm1 does not show any protection in fragment I of ARS131a, not even in the conserved Ia site (Fig. 4C, part i) . These results suggest that site Ia alone will not bind Mcm1 and that protection of site Ia in ARS120 requires the cooperation of sites Ib, Ic, and Id.
Mcm1 also binds to the C and B domains immediately flanking the ARS consensus sequence. The immediate flanking sequences of the ACS in ARS120 and ARS131a are conserved. We observed DNase I protection by Mcm1 in fragments II and III of both ARS120 and ARS131a. Fragment II, which corresponds to the C domain proximal to the A element, is protected at multiple sites, but of particular interest is a site that contains a conserved MCE at positions Ϫ121 to Ϫ112 (Fig.  5A ). Also protected in fragment II is the region between Ϫ239 and Ϫ230 that contains a match to the MCE (Fig. 5A) . Fragment III, which corresponds to the B domain, is also protected at multiple sites, including the conserved MCE at positions ϩ120 to ϩ129 and half MCEs at positions ϩ166 to ϩ189 (Fig.  5B ) about 20 bp from the Abf1 binding site (Fig. 3A) . The locations of these Mcm1 binding sites correspond to the important elements identified in the deletion analysis (Fig. 3B , part ii). Although these DNase I protection and hypersensitive sites are subtle, they are reproducible. (Fig. 5D ) and then by DNase I footprinting assay (Fig. 5E ). Fragment II containing either the wild-type MCE at position Ϫ121 or the mutant BglII, PAL, or 3PAL sequence was used in these experiments. Mcm1 formed heterogeneous complexes with fragment II containing either the MCE or BglII sequence at low Mcm1 concentrations (Fig. 5D, lanes 3 and 7) . However, at higher concentrations, Mcm1 formed more discrete complexes with both templates, consistent with the presence of multiple Mcm1 binding sites in fragment II (Fig. 5A) and the fact that a higher concentration leads to full occupancy. The PAL sequence, which has a high affinity for Mcm1, formed discrete complexes with Mcm1, even at a lower concentration (6.7 pmol) (Fig. 5D, lane 11, asterisk) . PAL also seemed to facilitate the binding of Mcm1 to other sites on fragment II to form discrete high-molecular-mass complexes (lane 11, dot). At a high concentration (20 pmol), all of the PAL templates were engaged in slow-migrating complexes with Mcm1 (lane 12). Cooperative binding of Mcm1 to the 3PAL template was evident (cf. lanes 11 and 15). At 2.2 pmol, Mcm1 bound poorly or not at all (lane 14). At 6.7 pmol, all of the 3PAL templates were engaged in discrete high-molecular-mass complexes (lane 15). This result further illustrates the propensity of Mcm1 to bind cooperatively to clustered sites.
Results from the footprinting analysis are consistent with the EMSA results and provide further insight into the importance of the MCE at Ϫ121 (Fig. 5E) . Mcm1 protects the MCE at Ϫ121 (lanes 1 to 3, thick line) and an additional 3 to 4 bp on either side (thin line) separated by hypersensitive sites (*) but does not protect the BglII-substituted site (lanes 6 to 8). Although this MCE has only a modest effect on the binding of Mcm1 to fragment II (350 bp) (Fig. 5D ), it has a significant effect on the activity of the larger (719-bp) ARS120 fragment (Fig. 5C, part ii) on a plasmid. Enhanced affinity of Mcm1 to the PAL sequence is evident (Fig. 5E, lanes 9 to 11) . Mcm1 protects the PAL site (thick line) and an additional 4 or 5 bp on either side (thin line), as well as induces hypersensitive sites flanking the PAL sequence (*). Protection of the three PAL sites by Mcm1 is strong (lanes 14 to 16) and more extensive, covering the entire 75 bp including the 15-bp intervening sequences between the PAL sites. This protection pattern is consistent with the enhanced cooperativity of Mcm1 in binding clustered sites (Fig. 5D, lanes 14 to 15) to form a complex that excludes DNase I access, and it correlates with the improved ARS activity observed in the 3PAL insertion mutant. Together, these results indicate that the MCE at Ϫ121 is important for ARS120 activity and that increasing the number of MCEs in that region promotes ARS activity.
DISCUSSION
In the past, analyses of replication origins in S. cerevisiae have focused mainly on the MFD that includes only the A and B domains. Minichromosomes containing only the MFD of ARSs are unstable in the mcm1-1 mutant (17) . In this study, we focused our attention on the C domain of two telomeric ARSs. The C domain contains extended DNA sequences that are required for autonomous replication of minichromosomes in the absence of the B domain in wild-type cells. In the mcm1-1 mutant, when Mcm1 DNA binding activity is limiting, the C domain is required even in the presence of the B domain. These observations led us to investigate the relationship between Mcm1 and the C domain.
Conserved telomeric replication origins that respond differently to limiting Mcm1 activity provide a source of natural mutations for dissecting domain C. The telomeric X ARSs ARS120 and ARS131a are conserved throughout the length of more than 1 kb, except for stretches of nonconserved sequences clustering within a 300-bp region at the 5Ј end of the We found that the MCE at Ϫ121 in domain C contributed significantly to the activity of ARS120 without domain B. In contrast, the MCE at ϩ120 in domain B did not contribute significantly to the activity of ARS120 without domain C. These results together suggest that the activity of telomeric X ARSs is modulated by the occupancy of Mcm1 in domain C. The analyses of ARS120 (Fig. 3B) and ARS121 ( Fig. 1) Fig. 6A . Mcm1 binds as a dimer to its cognate sequence to produce a 66°bend in the DNA at multiple sites in ARS120 (1, 66) . We have shown that Mcm1 binds cooperatively to four MCEs in the C domain of ARS120 to protect four clustered sequences spanning a 250-bp region. The DNase I-hypersensitive sites interspersed between protected sequences are consistent with the distortion of DNA as a result of DNA bending. Our results showed that the MCEs are the actual binding sites of Mcm1. The larger protected areas presumably result from the inaccessibility of these sequences to DNase I owing to structural hindrance of the tertiary complex. This interpretation is also consistent with the protection pattern of Mcm1 in domain C of ARS121 reported in another study (17) . Although one of the four MCEs is conserved in fragment I of ARS131a (Fig. 3A) , Mcm1 binds nonspecifically to fragment I (Fig. 4A ) without a discrete protection pattern (Fig. 4C, part i) , underscoring the importance of a multiplicity of weak binding sites in promoting specific interactions. Footprinting analysis (Fig. 5A) , supported by deletion analysis (Fig.  3B) , indicates that two MCEs at Ϫ239 and Ϫ121 are bona fide Mcm1 binding sites. Mutating the MCE at Ϫ121 abolished Mcm1 binding at that site and diminished the activity of ARS120 (Fig. 5C, part ii) . Reintroducing a synthetic highaffinity (PAL) sequence restored binding and ARS activity (Fig. 5C, part ii) . We did not see a direct correlation between an increased affinity of Mcm1 for PAL and an increase in ARS activity (Fig. 5C , part ii, and E). It is important to bear in mind that Mcm1 is a combinatorial DNA binding factor and that in vitro binding studies of Mcm1 may not fully reflect the binding activity of Mcm1 in the presence of cofactors in vivo. Mutating the MCE at ϩ120 had no significant effect on ARS120 activity, possibly because it has a redundant function in domain B. Alternatively, this site only functions in cooperation with binding sites in domain C and such long-range interactions only occur in intact replication origins or large ARS DNA fragments that include both the B and C domains.
What might be the function of an array of bound Mcm1 that forms a tertiary complex spanning a region of about 250 bp? One possible function for this large complex is to exclude nucleosomes from occupying domain C to provide an environment for pre-RC assembly. Mcm1 has been shown previously to regulate donor preference in mating type switching by binding to the recombination enhancer and by altering the nucleo- (67) . Another possible function for this tertiary complex of Mcm1 in domain C is to limit the region where ORC can bind to enhance its specificity for the ACS because ORC has a propensity to bind AT-rich sequences (4, 19, 39) . A third possible function for a tertiary complex is to bring Mcm1 closer to the pre-RC for direct physical interaction. These models are not mutually exclusive and testable. The binding of Mcm1 to the vicinity of a replication origin to promote replication initiation by altering local structure may be analogous to the binding of EBNA1 to adjacent regions of OriP in Epstein-Barr virus (27, 56) or dnaA at OriC in prokaryotes (32) . The number of Mcm1 binding sites appears to be important in altering the local structures of replication origins. DNA competition experiments suggest that the number can make up for the weak affinity of individual sites. Fragment II of ARS121, which contains eight or nine weak Mcm1 binding sites, competes well with the promoter sequence of MCM7, which contains two strong Mcm1 binding sites (17) . Differential affinities of binding substrates specifying different roles have been described for other multifunctional regulators, such as ORC (20) . This mode of action is also consistent with the known properties of Mcm1. Mcm1 is a degenerate DNA binding chromatin protein (25, 50) , a property shared by other cell proliferation factors, such as E2F-RB (7, 49) . It exerts its specific regulation of diverse genes through interactions with different complexes. The relatively weak and degenerate binding of Mcm1 reported in this study is the property of Mcm1 binding alone without a cofactor. We cannot rule out the possibility that these weak interactions are enhanced during replication initiation by as yet unknown cell cycle-specific cofactors. Candidates for such a cofactor include proteins Mcm2 to Mcm7, which are known to stimulate Mcm1 binding at early cell cycle gene promoters (25) .
Our current model suggests that origin usage is dependent on the occupancy of Mcm1 (Fig. 6B) (18), carbon source (21) , and osmotic shock (24, 69) , as well as a variety of environmental stresses and growth phases (28) . It would be interesting to investigate if under these different conditions, a set of replication origins different from that in cells growing under optimal conditions may be used. Although many MADS domain transcription factors play an important role in coordinating gene expression and cell proliferation in differentiating tissues, a direct role for these regulators in DNA replication has not been explored. Generalization of this model for Mcm1 may apply to other MADS domain transcription factors such as Agamous (8, 42) , SRF (2), and MEF2 (40) , as well as cell proliferation factors such as E2F-RB (7) and Myb (3), in plants and animals. Future studies to test this model may provide insight into the role of multifunctional regulators in coordinating cell division and gene expression during morphogenesis and development in metazoans.
